Circulating tumor cells (CTCs) are associated with poor survival in metastatic cancer. Their identification, phenotyping, and genotyping could lead to a better understanding of tumor heterogeneity and thus facilitate the selection of patients for personalized treatment. However, this is hampered because of the rarity of CTCs. We present an innovative approach for sampling a high volume of the patient blood and obtaining information about presence, phenotype, and gene translocation of CTCs. The method combines immunofluorescence staining and DNA fluorescent-in-situ-hybridization (DNA FISH) and is based on a functionalized medical wire. This wire is an innovative device that permits the in vivo isolation of CTCs from a large volume of peripheral blood. The blood volume screened by a 30-min administration of the wire is approximately 1.5-3 L. To demonstrate the feasibility of this approach, epithelial cell adhesion molecule (EpCAM) expression and the chromosomal translocation of the ALK gene were determined in non-small-cell lung cancer (NSCLC) cell lines captured by the functionalized wire and stained with an immuno-DNA FISH approach. Our main challenge was to perform the assay on a 3D structure, the functionalized wire, and to determine immuno-phenotype and FISH signals on this support using a conventional fluorescence microscope. The results obtained indicate that catching CTCs and analyzing their phenotype and chromosomal rearrangement could potentially represent a new companion diagnostic approach and provide an innovative strategy for improving personalized cancer treatments.
Introduction
CTCs represent a key step of cancer cell dissemination 1 . Their presence in the peripheral blood of patients is associated with (metastatic) relapse and disease progression 2, 3 . CTC isolation and characterization from the blood of cancer patients is a type of non-invasive liquid biopsy. In recent years, it has become increasingly evident that monitoring the progression and response of tumors to different treatments using this kind of analysis provides important clinical information 4, 5 . Liquid biopsy is even more useful when surgery is not feasible or when primary tumor tissue is not available, i.e., for non-biopsiable lesions. Hence, this approach is promising in specific cancer settings such as metastatic NSCLC, where the presence of CTCs has been shown to have a negative prognostic role 6 . NSCLC is a tumor that benefits especially from targeted therapeutic approaches 7, 8, 9 designed to act on specific molecules (molecular targets) known to be involved in the growth, progression, and spread of the disease. Hence, the detection of specific targets during disease progression is needed. CTC investigation is an extremely interesting diagnostic approach to detect and monitor drug targets without the need for primary or metastatic tissues. For example, the detection of ALK gene translocations in NSCLC cells is associated with sensitivity to crizotinib, a specific targeted therapy 10 . However, at present, the detection of ALK translocations is executed only on fine-needle aspirates or small biopsies; as a result, without a tumor tissue ALK analysis is not possible. CTCs are a potential alternative to tumor tissue-based investigations and represent a highly promising companion diagnostic approach.
Despite their potential importance, CTCs are still a subject of great debate among research, mainly because of their rarity (1-10 cells/mL of peripheral blood 11 ). Current liquid biopsy methods use a limited amount of blood (i.e., 1-30 mL) 12, 13 , but this creates a situation of suboptimal sensitivity for the detection of CTCs. Hence, research is warranted to finding approaches and developing devices to perform CTC-targeted liquid biopsies on a larger volume of peripheral blood.
An alternative device, a functionalized medical wire (see Table of Materials), has been developed to overcome blood sampling limitations and obtain a more representative analysis of CTCs. This functionalized wire is a CE-approved medical device that captures CTCs directly from the bloodstream of cancer patients . The functionalized tip of the wire is introduced into a vein of the arm of the patient and remains in position for at least 30 min. This approach allows isolation of CTCs in vivo, directly in peripheral blood, and to screen about 1.5-3.0 L of blood (approximately 300-fold more than the volume used for alternative approaches) 1 
.
Pantel et al. demonstrated the efficacy of this approach in isolating CTCs directly into the arm veins of lung cancer patients 15 . They performed wire immunofluorescence staining to identify CTCs using conventional antibodies directed against EpCAM and pan-cytokeratin, and CD45 for leucocyte detection. The wire was examined under an optical fluorescence microscope 15 . The authors demonstrated that the device was able to isolate CTCs, but they did not investigate any therapy-related targets, such as ALK translocations.
The presented method aims to identify putative CTCs in NSCLC cell lines on the basis of phenotypical parameters, e.g., EpCAM positivity and the presence of molecular biomarkers, for instance the ALK status (Figure 1b) . This 3-day-long procedure combines a functionalized wire and immunofluorescence staining with DNA fluorescence-in-situ-hybridization (DNA FISH), named Immuno-DNA-FISH. Given that CTCs are rare entities, the advantage of this protocol is that CTCs can be characterized on the same wire in terms of both immunophenotypic features and DNA rearrangements.
Protocol

Immuno-DNA FISH on a 2D Coverslip
Coverslip preparation and adherent cell seeding
NOTE: Perform all the following steps under a laminar-flow hood in sterile conditions. 1. Immerse the coverslip into 100% ethanol to disinfect them. NOTE: We use 12 mm ×12 mm silicone-supported squared coverslips (all reagents are listed in the Table of Materials). 2. Place the coverslips in a Petri dish (100 mm diameter). Dry using forced air flow for 5 min. 3. Wash the Petri dish with 15 mL sterile 1× Dulbecco's phosphate buffered saline (PBS). 4. Wash the Petri dish with 10 mL of complete medium (see Table 1 ). 5. Seed adherent cells (about 1,650,000 cells in 10 mL of medium, counted by FACS analysis) by gently dropping the cell suspension onto the Petri dish to obtain uniform cell plating (about 30,000 cells/cm 2 ). Note: For ~ 70% confluence, adherent cells should be cultured on coverslips for at least 48 h.
Fixation and permeabilization
CAUTION: Acetone is a flammable and irritating volatile substance. Use only acetone-resistant plastics or glass containers (no PVC or PVDF). NOTE: Perform these steps under a chemical fume hood. 1. Remove the culture medium using a disposable aspirating pipet. 2. Wash the Petri dish with 1× PBS. 3. Using tweezers, wash the coverslips by dipping them into a glass beaker containing 5 mL of 1× PBS. 4. Dry the coverslips on blotting paper. 5. Fix the cells on the coverslip by immersing it into a 100% acetone solution for 10 min at room temperature (RT). 6. Remove the coverslip by tweezers. Dry coverslip using a forced air flow for 5 min. Note: The protocol can be paused at this point. The coverslip should be stored at -20 °C.
Immunofluorescence Day 1 NOTE: This stage involves an overnight (O/N) incubation (~ 16 h).
1. Wash the coverslips in 1× PBS twice. 2. Drop 100 µL of antibody dilution buffer (see Table 1 for details) onto the coverslip and incubate for 30 min at RT. NOTE: Solution volume should be adjusted on the basis of the coverslip surface in order to cover the entire coverslip and avoid the risk of overflow. 3. Prepare the antibody mix ( Table 1) Table 1) . After 30 min, check the temperature of the 0.4× SSC buffer, which must be at 72 ± 1 °C. 2. Prepare two glass beakers: one with 2× SSC + 0.05% Tween buffer (pH = 7.0 ± 0.1) ( Table 1 ) and a second one with distilled water. 3. Remove the humid chamber from the oven, carefully remove the rubber cement from the slide and detach the coverslip with tweezers. 4. Wash the coverslip by dipping in 0.4× SSC for 2 min at 72 °C. 5. Wash the coverslip by dipping in 2× SSC + 0.05% Tween buffer for 30 s. 6. Rinse the coverslip in distilled water. 7. Dry the coverslips under a chemical fume hood for 10 min in the dark. 8. Mount the coverslip in liquid mounting medium with 1.5 µg/mL of 4´,6-diamidino-2-phenylindole (DAPI) to counterstain total DNA. Place the coverslip cell-side down onto a drop of 5 µL of mounting medium on a slide, press the tweezers on the coverslip to get the air out, and seal with nail polish. Note: Mounting medium volume should be adjusted on the basis of the size of the coverslip surface.
7. 2D microscope observation and analysis NOTE: Images can be acquired with different microscope systems. We used a conventional fluorescent microscope endowed with a standard commercial software for image acquisition ( NOTE: To evaluate the immunofluorescence staining and the ALK-probe localization, we used ImageJ. Slides can be stored at -20°C in the dark for a maximum of 3 weeks. For prolonged storage, we would suggest using specific mounting medium for long-term storage.
Immuno-DNA FISH on Wire
Cell line spike-in on wire (3D support)
NOTE: Preliminary set-up involves an accurate selection of adherent cells lines based on EpCAM-positivity. The wire is functionalized with anti-EpCAM antibodies so that only EpCAM-positive cells are stained. NOTE: Do not touch the functionalized part of the wire to avoid any damage. NOTE: All steps should be carried out under a laminar flow hood in sterile conditions. 1. Resuspend the entire contents of a T75 flask (80% confluence) in a 5 mL vial using 4 mL of complete medium; for a single spike-in, about 2,000,000 cells are recommended to maximize cells adhesion to the wire. 2. Remove the wire from its glass packaging. 3. Dip the functionalized gold part of the wire into the vial, ensuring that the wire-stopper is a watertight fit for the vial. Seal with laboratory film. NOTE: The use of 5 mL tube is recommended to allow for a correct match between the wire-stopper and the vial. 4. Incubate for 30 min at RT in a tube rotator (0-120 angle). 5. Rinse the wire three times in 1× PBS solution using 3 different clean vials. 
Discussion
In this paper, for the first time, a method combining immunofluorescence staining and DNA FISH, for use with the functionalized wire was proposed. The method was called Immuno-DNA FISH. This technique was developed to permit the simultaneous identification of putative CTCs on a 3D wire on the basis of phenotypical parameters, such as positivity to EpCAM (event 1), and to facilitate the detection of molecular alterations, such as ALK gene status (event 2). The simultaneous identification of the two events allows the detection of their co-localization. Hence, this approach can be tailored to identify and characterize CTCs retrieved from the blood of cancer patients. The potential effects of haemo-components and leukocytes on the staining procedure do not usually interfere with the procedure. In particular, data reported in literature indicated that haemo-components and leukocytes do not influence the immunofluorescence staining of the cells attached to the wire, the critical step to identify actual CTCs 1, 15 .
The fluorescence brightness of Immuno-DNA FISH is slightly less marked than that of a traditional immunophototyping assay and is the result of the high temperature needed for the FISH assay. However, immunofluorescence staining is still appreciable. For example, a faint signal is still detectable in the low EpCAM-expressing cell line, NCIH1975. The high temperature required for the FISH assay is the main limiting factor in choosing the right fluorochrome linked to the antibody. In this protocol, antibodies must be linked to a thermostable fluorochrome in order to tolerate the DNA denaturation temperature. For example, phycoerythrin, a thermosensitive fluorochrome, is not recommended in this setting because of fluorochrome degradation caused by high temperature. Fluorescein isothiocyanate is a good choice and often common fluorochrome employed on FISH probes. The Immuno-DNA FISH autofluorescence signal is very poor on standard 2D supports. On the wire support, the polymer layer may induce a slight autofluorescence signal, especially on the red channel. Unlike the 2D background, an aspecific background signal is discernible on the wire but does not significantly affect nuclei identification or cell characterization.
Microscope evaluation of the wire is much more fatiguing than on a 2D support due to the limits of an optical microscope in reading the surface of a cylindrical-shaped 3D structure. However, this difficulty can be overcome by rotating the wire holder and acquiring the images that are mainly localized along the midline of the wire. The wire holder permits a 360 ° rotation of the wire. Once focused on the nuclei, changing fluorescence channels does not necessarily keep the focus on the target area. For this reason, it is essential to maintain the focus on the inner-cell target area.
